Large volumes of nitroaromatics are manufactured each year as a variety of domestic and commercial products such as herbicides, pesticides, and explosives, including 2,4,6-trinitrotoluene (TNT), the most widely used explosive. These chemicals have become widely dispersed in the environment as a result of discharge from industrial waste, agricultural runoff, leachates from landfills, and leaking from underground tanks and pipes. Sediments and soils beneath some industrial sites contain large amounts of nitroaromatics, with up to 10 g of TNT per kg of soil being reported for some sites (5, 6, 9) .
Nitroaromatics are recalcitrant because of their resistance to biological attack. A crucial point in the biodegradation of nitroaromatics is the removal of nitro groups from the molecule. Biodegradation of hazardous chemicals, particularly polynitroaromatics, can be considered complete only when all nitro groups have been removed and the C skeleton has been broken down to amphibolic intermediates, which will eventually be oxidized to CO2. Most nitroaromatics are particularly recalcitrant, and reports of their use as C sources by microorganisms are rare (6) ; when they are used, biodegradation is never complete either because part of the product remains unattacked or because it is converted to partially reduced forms. The biotreatment of waste streams containing polynitroaromatics and other pollutants of this type may require concerted action by a series of microorganisms to achieve full degradation (14, 15, 26) .
One example of cometabolism of a substituted aromatic is the degradation of the insecticide DDT, whose complete degradation requires at least three different microorganisms (2) . Alternatively, a single organism able to eliminate nitroaromatics may be produced by appropriate recruitment of catabolic functions, as described for the metabolism of haloaromatics (10, 18, 21, 22) .
MATERIALS AND METHODS
Media, culture conditions, and strain characterization. Bacteria were grown at 30'C in Luria-Bertani broth (12) and in * Corresponding author.
M8 minimal medium. M8 medium was identical to the M9 medium described by Abril et al. (1) , except that NH4Cl was omitted. Carbon sources were glucose and fructose (0.5% [wt/vol]), acetate, succinate, and benzoate (10 mM) or toluene, which was supplied in the gas phase in sealed flasks. Nitrogen sources were TNT (100 mg/liter or supplied as crystals in excess of its solubility in water), 2,3-, 2,4-, and 2,6-dinitrotoluene (100 mg/liter), and 2-nitrotoluene, which was supplied in the gas phase. Cultures were maintained on solid M8 minimal medium containing TNT (100 mg/liter) and fructose (0.5% [wt/vol]).
Strains were characterized by using standard procedures and with the API 20 system (Biomerieux).
Plasmid. The TOL plasmid pWWO-Km is a derivative of the archetypal TOL plasmid pWW0 bearing a mini-TnS, which encodes resistance to kanamycin. Pseudomonas spp. belonging to the rRNA group I and bearing pWW0-Km grow on toluene and m-xylene (18) .
Enzyme assays. Nitrite reductase was assayed in permeabilized whole cells as described previously (7, 8) . One unit represented the consumption of 1 ALmol of NO2-per min.
Isolation of metabolites. Cells were grown for different periods under aerobic conditions at 30'C and were removed by centrifugation at 5,000 x g for 10 min. The culture fluid was cooled at 40C and extracted twice with ethyl ether or ethyl acetate (pH 6.0 or 2.0). The extracts were dried over anhydrous sodium sulfate, and excess solvent was usually removed by evaporation under pressure at 350C. Alternatively, when volatile metabolites needed to be recovered, excess solvent was evaporated at 20'C. The metabolites were then dissolved in a small volume of acetonitrile or deuterated acetone.
Analytical methods. High-performance liquid chromatography (HPLC) analyses were performed on a Hypersyl C18 column with acetonitrile-water (60:40) as the mobile phase, with a flow rate of 0.5 to 1 ml/min. When required, an elution gradient ranging from 25% acetonitrile-75% water to 75% acetonitrile-25% water was used for 10 min at a flow rate of 0.7 ml/min. All compounds were detected at 254 nm with a Hewlett-Packard UV-Visible detector.
Gas chromatography-mass spectrometry (GC-MS) analy- Growth of the bacterium with TNT at saturation (100 mg/liter) was optimal at 30 to 320C and with fructose as a C source, although acetic acid, succinic acid, and glucose were also used as C sources. In contrast, benzoic acid and toluene were not C sources. The bacterium grew efficiently with TNT in the pH range between 5.5 and 9.
Excess TNT supplied as crystals (1 to 10 g/liter) not only failed to inhibit growth of the bacterium but also allowed the culture to reach higher cell densities than those observed when TNT was used at the saturation concentration in water ( Fig. 1) 2,4-dinitrotoluene and 2,6-dinitrotoluene were identified in the culture supernatant by GC-MS; the molecular weight of the ion corresponded to 182. The two isomers were distinguished on the basis of their peak fragmentations (shown for 2,4-dinitrotoluene in Fig. 2A ). 2-Nitrotoluene and toluene were also identified, suggesting that removal of a second and the third nitro group also occurred. However, no hydroxylated derivatives bearing one or two nitro groups on the aromatic ring were found.
In addition to removing nitro groups from the aromatic ring, Pseudomonas sp. strain ClS1 was also able to reduce the nitro groups on the aromatic ring to amino groups via hydroxylamine. Azoxy dimers, probably formed from intermediate reduced TNT forms, were also found. All reduced forms and azoxy dimers were identified by GC-MS analyses and 1H nuclear magnetic resonance (25) . Figure 3 used TNT most efficiently. Because of the relatively slow growth of Pseudomonas sp. strain CiS1, the accumulation of N02 in the culture medium, the cessation of growth with TNT still remaining in the medium, and the large variety of unproductive chemicals due to reduction of TNT, we reasoned that it would be possible to select bacteria derived from Pseudomonas sp. strain C1S1 that were able to grow faster and that should be more efficient TNT utilizers. We therefore inoculated Pseudomonas sp. strain CiS1 in culture medium with excess TNT (1 g/liter) and with fructose (0.5% [wt/wt]) as a C source. The bacteria were grown at 30'C, and once the cultures reached medium logarithmic growth phase (optical density at 600 nm, about 0.5 to 0.7), they were diluted 100-fold in the same medium. More than 30 dilution cycles were carried out, and eventually cells were spread on solid M8 medium with TNT as the N source and fructose as the C source. A single colony type appeared, and the resulting clone was called Pseudomonas sp. clone A. A series of tests were carried out to compare this clone with the parental one. The clone conserved the parental characteristics described for growth on the C and N sources and optimal growth temperature and also conserved the ability to grow across a wide pH range. However, it grew faster on minimal medium with TNT as an N source ( Fig. 1) were 2-amino,4,6-dinitrotoluene and its isomer 4-amino,2,6-dinitrotoluene as well as the azoxy dimer shown in Fig. 3 . Chemostat growth of Pseudomonas sp. clone A. The results described above showed that Pseudomonas sp. clone A, like its parental strain, was able to grow and thrive in the presence of high concentrations of TNT. However, we also wanted to test whether Pseudomonas sp. clone A would be able to grow at limiting concentrations of TNT. A chemostat was set up so that TNT was the limiting growth factor (70 mg/liter). The dilution rate (D) was set at 0.01 h-1. The pH value of the culture was kept at 7.0 + 0.1, and the temperature was maintained at 30'C. Filtered air was bubbled at about 2 Hybrid strains that mineralized TNT. Vertical expansion of catabolic pathways requires the addition of a series of metabolic steps to a preexisting pathway in order to generate a hybrid one (10, 19, 22) . Pseudomonas putida pWWO-Km was able to grow on toluene as a C source because of the catabolic pathway encoded by the TOL plasmid but cannot grow on TNT because it lacks the enzymatic machinery for the elimination of nitro groups on the aromatic ring. On the other hand, Pseudomonas sp. clone A was able to transform TNT into toluene but could not use the latter as a C source. Because the TOL plasmid pWWO-Km is able to transfer, replicate, and express itself in strains of the Pseudomonadaceae belonging to the rRNA group I (20) , matings between a RifT Pseudomonas sp. clone A and P. putida pWWO-Km were set up. Rif' Kmr Pseudomonas sp. clone A transconjugants able to grow on toluene were found at a frequency of about 10-6 per recipient. Twenty-four independent transconjugants were used to test whether Pseudomonas sp. clone A(pWWO-Kmn) could use TNT as the sole C and N source. The bacteria were then inoculated on minimal medium with TNT as the sole C and N source. As a control, Pseudomonas sp. clone A was inoculated in the same medium. The results obtained with one of the transconjugants and the strain without the TOL plasmid are shown in Fig. 4 . Pseudomonas sp. clone A(TOL) reached high cell density on minimal medium with TNT, while the parental strain Pseudomonas sp. clone A did not grow on this medium. It should be noted that Pseudomonas sp. clone A(TOL) accumulated nitrite at concentrations that increased with time up to about 100 ,uM; then, growth rate decreased until it ceased (not shown). The accumulation of nitrite in the culture medium suggested that growth was unbalanced. To further confirm this point, 0.01% (wt/vol) fructose (an amount of fructose that does not support growth) was added to the culture medium. This resulted in the rapid consumption of NO2- (Fig. 4) and renewed growth until NO2 accumulated again. The bacterium that mineralized TNT still conserved the ability to reduce nitro groups on the aromatic rings and accumulated azoxy dimers.
DISCUSSION
In this article, we report the isolation of a bacterium belonging to the genus Pseudomonas that uses TNT, 2,4-and 2,6-dinitrotoluene and 2-nitrotoluene as its sole N sources. This isolate accumulated N02-in the culture medium, and TNT use was impaired when this compound was supplied at low concentrations (below 20 faster on TNT, was isolated after a series of enrichments in batch culture, in which selective pressure was established to select for bacteria able to grow faster. Growth of Pseudomonas sp. clone A was faster than that of the parental strain at both high and low concentrations of TNT, and this strain did not accumulate nitrite in culture supernatants. The fast-growing Pseudomonas sp. clone A exhibited higher nitrite reductase activity than the parental strain, which explains why NO2-did not accumulate in culture supernatants. Nitrite reductase activity was inducible by TNT in both Pseudomonas sp. strain CMSi and its derivative, Pseudomonas sp. clone A. Both the parental Pseudomonas sp. strain CMSi and its derivative, Pseudomonas sp. clone A, utilized TNT as an N source via the elimination of nitro groups and the production of 2,4-and 2,6-dinitrotoluene, 2-nitrotoluene, and toluene. The removal of the first nitro group may occur after nucleophilic attack by an H-ion on the aromatic ring of TNT, as in the chemical reaction described by Meissheimer (4) , through a reaction similar to that described by Lenke and Knackmuss for the removal of nitro groups from the aromatic ring of picric acid (11) . The H-ion can be supplied in vivo by NAD(P)H. Our GC-MS data showed the presence of both 2,4-and 2,6-dinitrotoluene in culture supernatants, suggesting that a nitro group at either the ortho position or the para position was eliminated from the TNT ring. Removal of the second nitro group from 2,6-and 2,4-dinitrotoluene seemed to yield 2-nitrotoluene, as p-nitrotoluene was not found in culture supernatants of bacteria grown on TNT or 2,4-dinitrotoluene. This suggests that the removal of the nitro group at the para position of 2,4-dinitrotoluene is more likely. The removal of a nitro group from 2,4-and 2,6-dinitrotoluene may also involve the formation of a Meissheimer intermediate (4) , which has been shown to occur chemically after nucleophilic attack by H- (4) . These examples and that of Lenke and Knackmuss (11) represent the first biological reports of removal of nitro groups from aromatic rings without hydroxylation of the ring. Removal of nitro groups from the aromatic ring of 2,4-dinitrotoluene, with concomitant hydroxylation, has recently been described by Spanggord et al. performing this attack was also a Pseudomonas bacterium isolated from a site polluted by nitroaromatics. Because we detected toluene in culture supernatants of TNT-grown cells, we suggest that the third nitro group can be eventually eliminated, although the reaction mechanism is still unknown.
Because Pseudomonas sp. clone A, which belongs to the rRNA group I of the Pseudomonadaceae, was able to transform TNT into toluene and the selftransmissible P. putida TOL plasmid pWWO-Km allowed Pseudomonadaceae strains of rRNA group I to use toluene as the sole C source (20) , Pseudomonas sp. clone A was used as a recipient for the TOL plasmid. Transconjugant bacteria able to grow on toluene were selected, and their ability to grow on TNT as the sole C and N source was confirmed. This represents an example of vertical expansion of a catabolic pathway, in which the enzymatic machinery of Pseudomonas sp. clone A for the removal of nitro groups from TNT to yield toluene was combined with the TOL plasmidencoded catabolic pathways for mineralization of toluene (19) .
As expected, under anaerobiosis Pseudomonas sp. clone A(TOL) did not use TNT as a C source. This is because the key enzymes in the oxidation of toluene (namely, toluene dioxygenase, benzoate dioxygenase, and catechol 2,3-dioxygenase) require 02 as a substrate. Nonetheless, removal of nitro groups from TNT took place, as would be predicted if the reaction involved the formation of a Meissheimer complex.
Both Pseudomonas sp. strain C1S1 and Pseudomonas sp. clone A were able to reduce nitro groups on the TNT ring via hydroxylamine to amino groups, leading to a variety of monoamino-dinitrotoluenes and diamino-mononitrotoluenes which seem to be resistant to biological attack by the Pseudomonas strains isolated in this study. The further reduction of the nitro groups to amino groups takes place probably by the successive addition of two electrons, although the nitroso intermediates have not been identified.
The successive reduction of the nitro group on the aromatic ring contrasts with the action of nitrite reductase, which reduces free N02-to NH3 by adding six electrons without the accumulation of free intermediate forms (7) . The reduction of nitro groups on the aromatic ring is likely to be the result of the action of unspecific reductases on TNT, as has been observed with other microbes. Cell extracts of Delivibro spp. and other microbes are able to reduce TNT to a vast series of chemicals by reactions similar to those described here (5, 9, 13, 16, 17) .
Reduction of nitrotoluenes to dead-end aminotoluenes represents an important drawback for the use of the system in mineralization processes. Nonetheless, it is interesting that high concentrations of TNT were not lethal to the Pseudomonas strain used in these experiments and that the Pseudomonas strains described in this article combined with other microorganisms able to eliminate the resulting metabolites may provide a treatment system for elimination of polynitroaromatics.
